We calculate the standard state entropy, heat capacity, enthalpy, and Gibbs free energy for 13 radicals important for the combustion chemistry of biofuels. These thermochemical quantities are calculated from recently proposed methods for calculating partition functions of complex molecules by taking into account their multiple conformational structures and torsional anharmonicity. The radicals considered in this study are those obtained by hydrogen abstraction from 1-butanol, 2-methyl-1-propanol, and butanal. Electronic structure calculations for all conformers of the radicals were carried out using both density functional theory and explicitly correlated coupled cluster theory with quasipertubative inclusion of connected triple excitations. The heat capacity and entropy results are compared with sparsely available group additivity data, and trends in enthalpy and free energy as a function of radical center are discussed for the isomeric radicals.
I. INTRODUCTION
Small oxygen-containing radicals are present in the atmosphere and are regarded as responsible for health menaces and ozone depletion. Most reactions taking place in the troposphere involve or produce radicals. Radicals are also central to the investigation of fossil-fuel and alternative-fuel combustion, where they are important as intermediates. Therefore reliable prediction of the thermodynamic properties of radicals is required for understanding both atmospheric chemistry and energy production. Yet, thermodynamic data is much more plentiful for stable molecules than for radicals because radicals are difficult to investigate experimentally. Moreover, experimental techniques usually cover only small ranges of temperature, so when results are needed for broad temperature ranges, they usually can be obtained, if at all, only by interpolation or extrapolation, which can be unreliable. Modern theoretical methods based on the calculation of BornOppenheimer potential energy surfaces by electronic structure theory combined with a quantum statistical mechanical treatment of molecular partition functions do not have such limitations.
We recently developed a statistical mechanical method, called the multistructural method with torsional anharmonicity 1 (MS-T) that uses electronic structure theory to calculate thermodynamic properties of molecules and radicals having multiple conformations. We made initial applications to hydrocarbons (n-hexane, 2 2-methylpentane, 2 n-heptane, 3 and 2-methylhexane 3 ), alcohols (ethanol, 1, 4 1-butanol, 1, 5, 6 and 2-methyl-1-propanol 5 ), an aldehyde (butanal 5 ), hydrocarbon radicals (1-pentyl, 1, 7 2-pentyl, 7 seven isomeric hexyls 2 , 2-cyclohexyl ethyl, 8 and 2-ethylcyclohexan-1-yl 8 ) , and oxygenated radicals (1-butoxyl, 9 a) Author to whom correspondence should be addressed. Electronic mail: truhlar@umn.edu.
4-hydroxy-1-butyl, 9 and 4-hydroxy-2-butyl 6 ). In the present article, we consider the oxygenated radicals produced by hydrogen abstraction from 1-butanol, 2-methyl-1-propanol, and butanal: r five radicals of 1-butanol: 1-butoxyl radical, 1-hydroxy-1-butyl radical, 1-hydroxy-2-butyl radical, 4-hydroxy-2-butyl radical, and 4-hydroxy-1-butyl radical; r four radicals of 2-methyl-1-propanol: 2-methyl-1-propoxyl radical, 1-hydroxy-2-methyl-1-propyl radical, 3-hydroxy-2-methyl-2-propyl radical, and 3-hydroxy-2-methyl-1-propyl radical; r four radicals of butanal: butanoyl radical, 1-oxo-2-butyl radical, 4-oxo-2-butyl radical, and 4-oxo-1-butyl radical.
We show the radicals and their names in Figure 1 . Since most of them have a large number of conformational minima due to internal rotation (up to 19 pairs of mirror images yielding 38 distinguishable structures), we compute partition functions of all the radicals by employing the MS-T method incorporating all the conformers, which are also called structures.
The purpose of this study is to r demonstrate the systematic application of the statistical mechanical method to families of radicals more complex than any treated previously;
r provide reliable thermodynamic data that can be used for atmospheric and combustion models; Group additivity (GA) is widely used to compute thermodynamic properties of unknown molecules by using available data on similar compounds. In GA schemes, thermodynamic properties, such as entropy, enthalpy, and heat capacity, are estimated as additive sums of contributions from their component groups. The values for the contributions one uses to calculate a property of an unknown system are empirically established and depend on the atomic numbers of the atoms and their bonded neighbors. Due to its empiricism and to the neglect of general intergroup interactions, group additivity is more reliable for molecules typical of those well represented in the training set than it is for radicals and less studied species. Numerous group additivity schemes have been developed; [10] [11] [12] [13] [14] [15] [16] however, Benson's version 17 is the most widely used. Large sets of parameters for stable molecules have been expanded and improved over the years by Benson and co-workers and other researchers. [17] [18] [19] [20] [21] Literature on additivity rules for radicals is scarcer, but group additivity values are available for hydrocarbon radicals [22] [23] [24] [25] [26] and for some oxygen-containing radicals. [27] [28] [29] [30] In this work, we compare our results to those calculated by Benson's group additivity using parameters from Refs. 17, 28, and 29.
II. COMPUTATIONAL DETAILS
Conformational geometry optimizations and frequency calculations for all the conformations of all the radicals were performed using the GAUSSIAN 33 and the MG3S basis set 34 for 1-butanol and 2-methyl-1-propanol radicals and with M08-HX and the minimally augmented correlation consistent polarized valencetriple-ζ (maug-cc-pVTZ) basis set [35] [36] [37] [38] in the case of butanal radicals. Note that for the elements in this study (C, H, and O), the MG3S basis set is the same as the 6-311+G(2df,2p) basis set of Pople and co-workers. 39 After the initial conformational minima were found using an ultrafine grid for the density functional integrations, all the unique geometries were refined with an even finer grid having 99 radial points and 974 angular points and tight convergence criteria with a maximum force threshold of 0.000015 E h /a 0 or 0.000015 E h /rad and a maximum displacement of 0.000060 a 0 or 0.000060 rad (note: 1 E h = 1 hartree; 1 a 0 = 1 bohr; 1 rad = 1 radian). Frequency calculations were performed for the refined structures. All frequencies were scaled by standard scale factors 40 of 0.973 and 0.976 for M08-HX/MG3S and M08-HX/maug-cc-pVTZ calculations, respectively. (This scale factor is the one that brings the zero point energy computed with harmonic oscillator formulas close to the experimental zero point energy, and it is used throughout this article except for the SS-HO results (Sec. III.D).)
In order to improve the accuracy of the conformational energy values from electronic structure calculations, singlepoint energy calculations were performed using explicitly correlated coupled cluster theory with single and double excitations and a quasiperturbative treatment of connected triple excitations. In particular, we used the CCSD(T)-F12a method 41 with the jul-cc-pVTZ basis set 38 as the one-electron basis set for alcohol-derived radicals and the jun-cc-pVTZ basis set 42 as the one-electron basis set for butanal-derived radicals. The "jun-" and "jul-" basis sets are less expensive alternatives to the original "aug-" scheme for adding diffuse basis functions. The jul-cc-pVTZ basis set is like the aug-cc-pVTZ except that the diffuse functions are omitted on the hydrogen atoms. The jun-cc-pVTZ basis set differs from jul-cc-pVTZ in that the diffuse f functions are omitted on C and O. These "seasonal" basis sets have been tested and validated in Refs. 37, 38, 42, and 43. CCSD(T)-F12a calculations are coupled cluster calculations that employ a conventional expansion in Slater determinants formed from a one-electron Gaussian basis and augment this with excitation amplitudes corresponding to excitations into explicitly correlated functions [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] containing short-range correlation. The basis set convergence with respect to the one-electron basis is much faster than for conventional CCSD(T) calculations such that the jul-cc-pVTZ and jun-cc-pVTZ basis sets should yield results close to the complete basis set limit.
The coupled cluster calculations were carried out using the MOLPRO 09 program suite. 56 These single-point energy calculations were used to upgrade the thermodynamics calculations, and in Sec. III we compare the upgraded calculations to the results obtained by using M08-HX/MG3S energies.
The partition function calculations were carried out using the MSTor computer program. 57, 58 In this program, the total partition function Q is calculated as a product of the translational (Q trans ), electronic (Q elec ), and conformationalrotational-vibrational (Q con-rovib ) partition functions:
In the present article, we employ two multi-structural (MS) approximations to the Q con-rovib term that we described in Ref. 1 . Both of them calculate the conformationalrotational-vibrational partition function as a sum over the contributions of all conformational structures for a given molecule, but they differ in how the individual contributions are put together.
In the first method, called the MS local quasiharmonic (MS-LQ) method, we calculate the contribution to the partition function for each structure as a product of the classical approximation to the rotational partition function and a local quasiharmonic oscillator approximation to the vibrational partition function. The quasiharmonic approximation uses the harmonic oscillator formulas, but with scaled frequencies, where the scaling corrects in an approximate way for anharmonicity as well as for the systematic overestimation in the higher frequencies by the electronic structure calculations. Therefore the MS-LQ (formerly called MS-LH for "local harmonic" because the formulas are based on the harmonic oscillator) results are partially anharmonic. In the second method, called MS-T, we improve upon the MS-LQ partition function by including factors for torsional potential anharmonicity. For a molecule with t torsions, there are t + 1 factors for each structure. 1 The first factor ensures that the partition function reaches the correct free-rotor limit in the high-temperature limit. The other factors adjust the harmonic result for the anharmonicity of each of the t internal-coordinate torsions.
Subsequently, based on the partition functions just described, which will be called Q elec , Q 
and
where • denotes the standard state (1 bar pressure), k B is Boltzmann's constant, T is temperature, and Q is the partition function with the zero of energy at the vibrational zero point exclusive energy of the structure of the radical that has the lowest zero-point-inclusive energy. (This structure is called the global minimum (GM) and the choice of zero of energy is a special case of our general convention that partition functions without a tilde have their zero of energy at the local minimum of the Born-Oppenheimer potential energy surface.) The thermodynamic quantities above have been computed for a range of temperature and are given in Sec. III and in the supplementary material. In the case of enthalpy and Gibbs free energy, we list H
•

T and G
• T values, where the subscript T refers to temperature. Note that, since our calculations are carried out for the gas phase, the thermodynamic data listed for the low temperatures (below the boiling or melting point) refer to the vapor phase above the liquid or solid. Figure 2 depicts the notation that we adopted for specific ranges of dihedral angles in order to label the conformational structures of the radicals. We follow the recommendations of International Union of Pure and Applied Chemistry (IUPAC) on nomenclature of the torsion angles. 59 Thus T, T + , and T − stand for "trans" and correspond to 180
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• exactly, (+150 
+180
• ), and (−150
• to −180 • ), respectively. C, C + , and C − stand for "cis" and correspond to angles of exactly 0
• ), and (0 • to −30 • ), respectively. Similarly, "gauche" and "anti" span the ranges of (±30
• , ±90 • ) and (±90 • , ±150
• ). In order to differentiate those gauche angles that are far from the typical ±60
• and closer to ±90
• , we chose to split the "gauche" range into two sub-ranges: G ± (±30
• , ±75
• ) and g ± (±75
• , ±90 • ). A similar division was made for the "anti" configuration by assigning a ± to (±90
• , ±105 • ) angle values and A ± to those within (±105
• , ±150 • ). When labeling conformational structures we always start from the first torsion on the O-side of the chain and move by one bond along the chain. For example, structure C + T − G + of the 1-hydroxy-1-butyl radical corresponds to the conformer in which the first (H-O-C-C) torsional angle is +24.8
• , the second (O-C-C-C) torsional angle is −173.0
• , and the third (C-C-C-C) torsional angle is +65.0
• . Rotation around the fourth bond, (C-C-C-H), does not produce distinguishable structures and is therefore omitted in labeling of the conformational structures.
All the alcohol-derived radicals considered in this article have the chemical formula C 4 H 9 O. Similarly, all the butanal-derived radicals have the same molecular composition (C 4 H 7 O). If the enthalpies and free energies of these radicals are computed with respect to a common zero of energy they may be considered a measure of relative stability of the isomeric radicals. That is why we defined the absolute zero of energy as the zero-point exclusive energy of the lowest energy structure of the GM. In the case of alcohol-derived radicals the GM is the T + G − , T − G + structure of 1-hydroxy-2-methyl-1-propyl radical, whereas for aldehyde-derived radicals, the CT structure of butanoyl radical is the GM. For other uses, some readers may wish to convert the zero of energy to either the equilibrium structure or the ground-state level of a particular radical of interest. That can easily be done with the data provided in our tables because we give the Born-Oppenheimer energy and zero-point inclusive energy of every structure of every radical in Tables I-VII. In Tables I-VII we list the conformational structures for  all the radicals, and Tables VIII-XIII provide 
1.697 77.117
2.103 77.511
2.387 77.874
2.314 77.730 temperature. 60 Where GA parameters are available, we compare our results to values computed using these parameters.
III.A. 1-butanol radicals
We have identified nine distinguishable conformers (four pairs of mirror images plus one symmetrical structure TT) TABLE III. Energy (kcal/mol, relative to the lowest energy structure of 1-hydroxy-2-methyl-1-propyl) of conformers of the 1-hydroxy-2-butyl radical.
Structure
Equilibrium a 0 K b
82.427 
746 80.551 
82.817
83.082
83.020
9.567 84.219 3-hydroxy-2-methyl-1-propyl
536 80.933
6.900 81.293
7.000 81.392 The five lowest-energy structures of each radical are illustrated in Figure 3 . The M08-HX/MG3S and CCSD(T)-F12a/jul-cc-pVTZ methods identify different structures as having the lowest equilibrium energy for the 1-hydroxy-1-butyl and 1-hydroxy-2-butyl radicals, whereas they identify the same lowest-equilibrium-energy structure for the other three radicals produced from 1-butanol. Another noteworthy difference in the predictions of the two methods is that in the cases of the 1-hydroxy-2-butyl and 4-hydroxy-1-butyl radicals the variation in the conformational energy is significantly lower in the coupled cluster calculations than in the density functional calculations. Table VIII provides the thermodynamics properties of the five 1-butanol radicals. Where group additivity coefficients are available, Table IX compares them to those obtained in this study. For 1-butoxyl radical, 4-hydroxy-2-butyl radical, and 4-hydroxy-1-butyl radical, there are two sets of parameters available for calculations of heat capacity and entropy by group additivity. The values in the column on the left were obtained using parameters taken from the second edition of Benson's book on thermochemical kinetics. 17 The values on the right were obtained using a combination of parameters by Benson 17 and more recently established parameters taken from Khan et al. 28 and Sabbe et al. 29 With one exception (M08-HX/MG3S results for 4-hydroxy-2-butyl) all of the heat capacity values computed by GA are lower than those computed in the present work. The coupled cluster results vary slightly more from the group additivity ones than do the DFT results. The heat capacities differ by as much as 1.8 cal mol −1 K −1 and 1.0 cal mol −1 K −1 in the case of the more recent parameters. In the case of entropy we find better agreement of DFT and CC results with group additivity for radicals than we found previously 1, 5 for 1-butanol, with mean error in the present case averaging 1.6 cal K −1 mol −1 and the highest error being 3.5 cal mol −1 K −1 . Comparing Gibbs free energy values for the radicals, all relative to the same zero of energy, one can also draw conclusions on their relative stability. Comparison of G • 298 of the alcohol radicals leads to the conclusion that 1-hydroxy-1-butyl radical is the most stable product of the hydrogen abstraction from 1-butanol. It has a significantly lower G
• T than all the other radicals, by 2.7-10.8 kcal mol −1 at 298 K, 2.1-12.7 kcal mol −1 at 800 K, and 0.9-16.2 kcal mol −1 at 2000 K. The Gibbs free energy increases in the following order: 1-hydroxy-1-butyl < 4-hydroxy-2-butyl < 1-hydroxy-2-butyl < 4-hydroxy-1-butyl < 1-butoxyl radical. The impact of anharmonicity and multi-structural effects on the calculated relative stability is discussed in Sec. III.D.
III.B. 2-methyl-1-propanol radicals
We found three conformers (one pair of mirror images plus one symmetrical structure T) for the 2-methyl-1-propoxyl radical, 12 conformers (six pairs of mirror images) for the 1-hydroxy-2-methyl-1-propyl radical, seven conformers (three pairs of mirror image plus one imagesuperimposable structure) for the 3-hydroxy-2-methyl-2-propyl radical, and 18 conformers (nine pairs of mirror images) for the 3-hydroxy-2-methyl-1-propyl radical. Up to five lowest-energy structures of each radical are illustrated in Figure 4 . Table VI lists all of the conformers and their classical CCSD(T)-F12a/jul-cc-pVTZ//M08-HX/MG3S energy values and CCSD(T)-F12a/jul-cc-pVTZ//M08-HX/MG3S electronic energy plus M08-HX/MG3S zero-point-vibrational energy point conformational energy values. In the case of 2-methyl-1-propanol radicals prediction of the lowest energy structure based on M08-HX/MG3S and CCSD(T)-F12a/julcc-pVTZ energy values differs slightly (by 0.04 kcal/mol) only for one case: 3-hydroxy-2-methyl-1-propyl radical. 
and Gibbs free energies (G •
T in kcal mol −1 ) of 1-butanolderived radicals. The zero of energy for this table is the zero-point-exclusive energy of the T + G − or T − G + structures of 1-hydroxy-2-methyl-1-propyl. farther away from -OH group along the heavy-atom chain. Figure 6 depicts comparison of G
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• T at 298 K of the alcohol radicals. 1-hydroxy-2-methyl-1-propyl radical is the most stable product of the hydrogen abstraction from 2-methyl-1-propanol and the most stable among the alcohol derived radicals in this study. For the 2-methyl-1-propanol radicals the Gibbs free energy increases in the following order: 1-hydroxy-2-methyl-1-propyl < 3-hydroxy-2-methyl-2-propyl < 3-hydroxy-2-methyl-1-propyl < 2-methyl-1-propoxyl radical. The importance of anharmonicity and multi-structural effects in these calculations is discussed in Sec. III.D.
Table XI compares heat capacity and entropy values computed in this work to the group additivity values, considering large variation within the GA values computed with different parameters, it shows very good agreement.
III.C. Butanal radicals
We have optimized seven conformers (three pairs of mirror images plus one symmetrical CT structure) for the butanoyl radical, six conformers (two pairs of mirror images and two different structures superimposable with their own images) for the 1-oxo-2-butyl radical, 7 conformers (three pairs of mirror images and one CT symmetrical structure) for the 4-oxo-2-butyl radical, and 14 conformers (seven pairs of mirror images) for the 4-oxo-1-butyl radical. Figure 5 illustrates up to five lowest-energy structures of each radical of butanal. Table VII lists all of the conformers and their classical CCSD(T)-F12a/jun-cc-pVTZ//M08-HX/maug-cc-pVTZ energy and CCSD(T)-F12a/jun-cc-pVTZ//M08-HX/maugcc-pVTZ electronic energy plus M08/HX/maug-cc-pVTZ zero-point-vibrational energy. Similarly to 2-methyl-1-propanol radicals, prediction of the lowest energy structure for butanal based on M08-HX/maug-cc-pVTZ and CCSD(T)-F12a/jun-cc-pVTZ energy values agrees for all but one case: butanoyl radical with an 0.05 kcal/mol difference in conformational energy.
Table XII depicts the standard state thermodynamic properties, viz., enthalpy, heat capacity, entropy, and free energies for the butanal-derived radicals under consideration at temperatures 298, 800, and 2000 K. The lowest free energy belongs to butanoyl radical and the highest to the 4-oxo-1-butyl radical. The table reveals the fact that the values vary little with respect to the methods used. Table XIII heat capacity and entropy values computed in this work to the group additivity values showing very good agreement of our results with the GA using recent parameters. The relative stability of the butanal radicals as estimated from MS-T Gibbs free energy decreases in the following order: butanoyl > 1-oxo-2-butyl > 4-oxo-2-butyl > 4-oxo-1-butyl radical.
III.D. Importance of anharmonicity and multi-structure effects on the relative stability of radicals
Comparison of the stability of various chemical species (reagents, intermediate products, transition states) is one of the most common applications of computational methods in mechanistic studies of chemical reactions. Stability of the transition states relative to the reactants controls branching ratios in the case of multiple possible reactive paths. Stability of the intermediate products of reactions involving many steps may affect which isomeric product will form or which mechanism of the reaction is favorable. Differences in the stability of the radicals has been shown to affect which reactive site is going to be substituted in chain reactions with radical-like transition states. Therefore, the estimation of relative stabilities of isomeric radicals and other species is ubiquitous and consequential in the chemistry literature. This relative stability is commonly estimated in the literature as the zero-point corrected and/or -uncorrected electronic energy of their low- 
and Gibbs free energies (G •
T in kcal mol −1 ) of 2-methyl-1-propanol-derived radicals. The zero of energy for this table is the zero-pointexclusive energy of the T + G − or T − G + structures of 1-hydroxy-2-methyl-1-propyl. 
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T ) and S •
T values between our computed results and group additivity data for 2-methyl-1-propoxyl radical and 3-hydroxy-2-methyl-1-propyl radical (in cal K −1 mol −1 ). 
, and Gibbs free energies (G • T in kcal mol −1 ) of butanal-derived radicals. The zero of energy for this table is the zero-point-exclusive energy of the lowest energy structure of CT conformer of the butanoyl radical. energy of the radicals and constitute the least expensive, but also the crudest way of estimating relative stability of different species in this figure. In blue we show the same energy values, but corrected by the scaled vibrational zero-point energy. The scaling factors used here (unlike the rest of the paper) are those that correct the systematic errors partially inherent in a given electronic structure method (M08-HX/MG3S for alcohol-derived radicals and M08-HX/maug-cc-pVTZ for those derived from aldehyde) and partially due to the Comparison of the C • P (T ) and S • T values in this study to the group additivity results for 1-oxo-2-butyl radical and 4-oxo-1-butyl radical (in cal K −1 mol −1 ). harmonic approximation of the vibrational motion. The scaling factors used here are those that bring frequencies closest to the experimental results. The purple columns show trends in the single structure Gibbs free energies of radicals, where frequencies are scaled to match the best harmonic frequency. This method is called the single structure harmonic approximation (SS-QH) in our figures. The predictions of relative stability of radicals from different methods differ by up to about 1 kcal mol −1 for alcohol-derived radicals and by up to about 2 kcal mol −1 for the butanal-derived radicals. Furthermore, the predictions of the relative stability of the isomeric radicals from SS-QH and MS-T approximations differ significantly. For example, according to SS-QH butanoyl and 1-oxo-2-butyl radicals have nearly equal Gibbs free energy values as shown in Figure 7 . However, MS-T predicts an over 2 kcal mol −1 difference in free energy, which suggests abstraction from C1 produces a more favorable radical than abstraction from C2. In the case of alcohol-derived radicals in Figure 6 the conclusions on the relative stability of the radicals is actually reverse using MS-T and SS-QH for 1-hydroxy-1-butyl and 3-hydroxy-2-methyl-2-propyl radicals.
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IV. CONCLUSIONS
In this study, we have computed thermodynamic data for five radicals of 1-butanol, four radicals of 2-methyl-1-propanol, and four radicals of butanal. We incorporated all conformational stationary points for each molecule by using the multiple-structure local quasiharmonic (MS-LQ) approximation and the multistructural method with torsional anharmonicity (MS-T). First-principles thermodynamics for such radicals has not been calculated before; for example, these molecules are much too large to be converged with state-of-the-art path integral methods. Moreover, even empirical Benson-type group additivity parameters are not available for computing most of the results achieved here. Therefore our results constitute the first theoretical data for this kind of system. Where Benson's group additivity (GA) parameters are available, GA values for heat capacities and entropies (C • P . In light of there being no experimental data with which to compare, we do not know which results (MS-T nor GA) are more accurate in these particular cases. It is promising that, as shown in this study, MS-T is a reliable non-empirical scheme for thermochemistry that does not rely on parameterization. This is especially important for combustion or atmospheric species, for which there is often no way to get reliable empirical numbers, because there is nothing to base them on. Enthalpies and free energies of the radicals studied here are examples of such quantities. Our enthalpies and free energies, to the best of our knowledge, are the first theoretical attempt to include multi-structural and anharmonicity effects for these systems. We show how important these improvements in the thermodynamic treatment are. There are countless examples in the literature of attempts to explain stability of chemical species solely in terms of electronic effects (e.g., inductive and steric effects), but we show here that the entropic effects (from many structures) play a significant role too.
Finally, we consider a statistical comparison of two methods of getting the input data for MS-T calculations. We find that (averaged over all the radicals and nine temperatures spanning the range from 200 K to 2400 K) the results obtained from DFT reproduce those from coupled cluster theory to within ∼0. 49 • T at high combustion temperatures, with the average deviation at 2400 K dropping to ∼0.01 cal mol −1 K −1 , and below 0.005 cal mol −1 K −1 , respectively. The uncertainties due to using DFT are found to be much smaller than the errors that would be incurred by neglecting multi-structural anharmonicity. As shown by the relative stability comparison for the isomeric radicals, the anharmonicity and multiple-structure effects have appreciable effects on the thermodynamic properties of radicals and are found to limit the accuracy of the results to a much higher degree than the choice of the electronic structure method. 
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